I
n the corneal stroma, collagen fibrils are uniformly thin, regularly spaced, and aligned with high spatial order. This arrangement is necessary for light transmittance, 1 with proteoglycans in the extracellular stromal matrix implicated in the control of the collagen fibrillar architecture. The role of proteoglycans in the governance of corneal structure has long been a matter of interest. For example, after the discovery by Anseth 2 that the wound area and the surrounding tissue of rabbit corneas have high levels of chondroitin sulfate and dermatan sulfate and low levels of keratan sulfate, Hassell and colleagues 3 reported that opaque corneal scar tissue in rabbits contains negligible amounts of keratan sulfate and displays large interfibrillar spaces. A subsequent increase in keratan sulfate is accompanied by a return to normal fibril spacing. A significant reduction in keratan sulfate levels in the cornea is also often seen in patients with the most common form of macular corneal dystrophy, 4 ,5 a disease that renders the cornea significantly thinner than normal with more closely packed collagen fibrils. 6 In development, too, keratan sulfate has long been linked with stromal ultrastructure, 7 and the appearance of the sulfated proteoglycan form of lumican after embryonic day 12 in the chick cornea has given rise to the idea that it might be associated with changes in corneal structure, though other regulatory mechanisms are likely involved. 8, 9 Three types of small corneal proteoglycan have been identified that contain the keratan sulfate side chains lumican, 10 keratocan, 11 and mimecan. 12 Advances in the field of molecular genetics have allowed the generation of mice with targeted proteoglycan deficiencies, allowing investigations into the functional roles of specific corneal proteoglycans. This work has shown that, in maturity, neither keratocan-deficient nor mimecan-deficient corneas exhibit obvious corneal opacities. 13, 14 The adult lumican-deficient mouse, on the other hand, displays a severe phenotype, with homozygous mutants exhibiting pronounced corneal opacification, especially in deeper stromal layers. 15 What is not known in any detail, however, is whether ultrastructural matrix aberrations caused by the lack of lumican are late-evolving phenomena or early events in neonatal development that persist into adulthood.
The mouse cornea is well formed at birth but undergoes significant growth afterward, characterized by changes in tissue thickness, cell density, and light scattering. 16 The highly organized stromal matrix, centrally important for light transmittance, clearly must adjust structurally during this developmental phase, but little is known about the manner in which it does so. The mouse as an animal model for corneal research is increasingly gaining importance because of the availability of gene-targeted mutants, and systematic examination of the collagen architecture in the mouse cornea by transmission electron microscopy has begun to address the important question of postnatal development with a view to understanding the acquisition of corneal transparency. This will provide a good assessment of collagen fibril ultrastructure in ultrathin tissue sections. We can also carry out x-ray scattering experiments on intact, isolated corneas to ascertain the spatial dimensions of fibrillar collagen in the corneal stroma. In recent years we have used this approach to study the mature corneas of normal mice and of mice with null mutations in lumican, keratocan, or mimecan. [17] [18] [19] Synchrotron x-ray fiber diffraction is a technique by which an intense beam of monochromatic x-rays, focused in the current series of experiments to 1 mm ϫ 0.5 mm at the specimen, is passed through the whole thickness of a cornea. As with the passage of light through the cornea, each collagen fibril in the path of the x-ray beam acts as an independent scatterer of x-rays. Fiber diffraction patterns of comFrom thebined x-ray scatter are recorded from individual corneas and analyzed to provide highly representative average values for the spatial dimensions of collagen fibrils in the corneal stroma. 20 Our studies on 2-to 6-month-old corneas disclosed structural matrix changes in lumican-null and keratocan-null mutants but not, to any great extent, mimecan-null mutants. [17] [18] [19] Recently, it was discovered that during neonatal development the mouse corneal stroma sustains a transient alteration in its physical thickness between days 8 and 14. 16 This does not happen in the corneas of lumican-null neonates. Here, we use synchrotron x-ray fiber diffraction to investigate matrix architecture during neonatal development in wild-type and lumican-deficient corneas throughout the day 8 to 14 developmental phase. Our study provides new insights into how the collagen fibril diameter, interfibrillar spacing, and structural order adjust in the normal mouse cornea as it grows, thickens, and condenses before and after eyelid opening. Furthermore, in seeking to elucidate whether the structural defects reported in the adult lumican-null mouse cornea are caused by poor regulation of the dynamic fibrillar architecture during neonatal maturation, we provide clear evidence for a developmental role for lumican in establishing and maintaining the corneal matrix architecture.
MATERIALS AND METHODS

Specimens
Normal mouse (CD-1) corneas at neonatal development day 8 (n ϭ 10), day 10 (n ϭ 10), day 12 (n ϭ 12), and day 14 (n ϭ 12), along with lumican-null corneas at day 8 (n ϭ 12), day 10 (n ϭ 12), day 12 (n ϭ 12), and day 14 (n ϭ 12) were carefully dissected at the limbus. Because of the small size of each cornea, we thought it was more appropriate to use chemical fixation as a method of preservation rather than freezing as has been done previously, so each cornea was immediately immersed in 4% paraformaldehyde and shipped to Cardiff University in the United Kingdom. The mice were from a colony with a null homozygous mutation for lumican. 15 On arrival, the corneas remained in the fixative solution at 4°C for a week until low-angle x-ray diffraction analysis was undertaken. All procedures were carried out in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Data Collection
The corneas, secured in sealed specimen holders between two sheets of mylar, were analyzed at the Synchotron Radiation Source (SRS; Daresbury Laboratory, Cheshire, UK). Each specimen was placed in the path of a focused (1 ϫ 0.5 mm), monochromatic ( ϭ 0.154 nm) x-ray beam on SRS Station 2.1, and the shutters were opened to expose the cornea for 2 minutes. Low-angle x-ray scattering patterns for all specimens were recorded on a multiwire, gas-proportional area detector situated directly behind the cornea at a distance of 8.25 m. An evacuated tube with polyester film windows separated the specimen from the detector to reduce air scatter. The window nearest the detector contained a lead beam stop that purposely blocked the direct x-ray beam that passed through the cornea undeviated.
Data Processing
X-ray patterns (512 ϫ 512 pixels) were analyzed with software, graphics, and statistics packages (Unix-based software; Statistica; Statsoft, Tulsa, OK). They were initially normalized using ion chamber counts to account for beam intensity decay. A detector response from a 9-hour exposure to a radioactive source (Fe 55 ) was then subtracted from each x-ray pattern to correct for any nonlinearities in the detector. Next, a vertical scan, 26 pixels wide, of x-ray intensity (I) versus reciprocal space coordinate (R) was taken across the center of the pattern to obtain the intensity profile of the first-order equatorial x-ray reflection corrected for the fact that the scan across the circular x-ray pattern was linear. Patterns were then analyzed to obtain values for the average collagen interfibrillar spacing and average collagen fibril diameter, as described elsewhere. 17 Various methods of subtracting background x-ray scatter were tried, and after all of them the overall pattern of structural change that we report remained essentially the same.
In addition to providing a measure of collagen fibril separation, the interfibrillar reflection provides an indication of the degree of local order in the arrangement of the collagen fibrils in the cornea, based on the angular width of the interfibrillar reflection. In accordance with Stokes 21 and Regini et al., 22 we represent this as the coherence distance with higher values reflective of more local order in the fibrillar array.
RESULTS
X-ray intensity profiles from wild-type and lumican-null corneas in the neonatal day 8 to day 14 time frame contain intensity maxima representing the collagen interfibrillar x-ray reflection (Fig. 1) . Before eye opening (days 8 and 10), these maxima are generally better defined in the intensity profiles from wild-type corneas than from lumican-null corneas. This indicates that the fibrillar matrix is relatively well ordered in the normal mouse cornea throughout the developmental period studied-that is, before and after eye opening. Analysis of all x-ray patterns from the 92 corneas examined was undertaken to ascertain average collagen fibril spacing, average collagen fibril diameter, and extent of local order in the fibrillar array.
Collagen Fibril Spacing
The average center-to-center collagen interfibrillar Bragg spacing in the mouse corneal stroma did not change appreciably between postnatal days 8 and 10; it remained approximately 65 nm (P ϭ 0.953; Table 1 ). After eye opening, at days 12 and 14, collagen fibril spacing was marginally lower than it was before eye opening, measuring 61 to 63 nm (Table 1) , though this difference was not statistically significant (days 8 -12, P ϭ 0.414; days 8 -14, P ϭ 0.063). At days 8, 10, and 12, lumicandeficient corneas had significantly higher fibril spacings than their wild-type counterparts (Table 1) . Later, however, at day 14, when the average collagen fibril spacing in the lumican-null corneas decreased, no difference in collagen fibril spacing was detected between wild-type and mutant corneas (Table 1) .
Collagen Fibril Diameter
In the normal mouse cornea, average collagen fibril diameters during the stated developmental period were in the 31-nm to 32.5-nm range ( Table 1 ). The average collagen fibril diameter in the same period in the lumican-null corneas was in the 29.1-nm to 30.8-nm range, lower than that in wild-types mice, with the difference significant or close to significance at all time points investigated (Table 1) .
Coherence Distance
As an average value for all corneas examined at days 10, 12, and 14, the coherence distance of the collagen fibrillar array in the corneas of lumican-null mice was low with respect to the corresponding value in the corneas of wild-type counterparts (Table 1) . This points to a stromal matrix in the mouse cornea at days 10 to 14 that was less well ordered when lumican was absent, with short-range order extending approximately 30 to 50 nm less. In the current analyses, we were unable to reliably obtain measurements of the coherence distance from day 8 lumican-null corneas because many of the interfibrillar reflections were too diffuse. This was indicative of lower levels of structural short-range order at this time point in the mutant corneas compared to later times in these corneas.
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DISCUSSION
In vivo examinations of neonatal corneal development in the mouse have disclosed that the stroma undergoes a critical period of swelling and thinning around the time of eye opening in the day 8 to 14 interval. 16 We performed a series of synchrotron x-ray diffraction experiments on groups of 10 or 12 normal mouse corneas obtained every two days during this developmental period to investigate the internal fine structure of the stroma and to chart any matrix alterations. Data revealed that in normal mice, the average collagen fibril spacing remained relatively unchanged between days 8 and 10 (Table 1) . It then decreased around the time of eye opening (days 10 -12), so that a progressively more closely packed collagenous matrix was formed by day 14. Despite differences in tissue preservation and data acquisition/analysis, collagen fibrils in the neonatal mouse cornea throughout the day 8 -14 time frame were more widely spaced, on average, than collagen fibrils in the corneas of more mature (i.e., 2-to 6-month-old) mice. 17, 19 Confocal microscopy has found that, in vivo, stromal thickness in normal mice transiently peaks at day 12, only to decrease by day 14 before resuming slow continued growth to adult thickness. 16 The present data have not indicated an increase in average collagen interfibrillar spacing at day 12, leading us to conclude that stromal thickening at this time cannot be ascribed to homogeneous moving apart of collagen fibrils. (A preliminary report at the ARVO 2003 annual meeting presented initial evidence for elevated collagen fibril spacing at day 12 in the normal mouse stroma, but this is not substantiated by the current, more extensive data.) An alternative explanation for the transient day 12 stromal thickening might be the temporary presence of regions of the corneal stroma that are devoid of regularly arranged collagen fibrils, the so-called collagen-free lakes that have been evoked by Benedek 23 among others. As alluded to earlier, x-rays scattered by a corneal matrix of collagen fibrils with some spatial regularity will interfere to form a recordable interfibrillar x-ray reflection. Through analysis, this yields a value for the average center-to-FIGURE 1. X-ray intensity scans across low-angle synchrotron x-ray diffraction patterns from the corneas of day 8 (D8) to 14 wild-type and lumicannull mice. The peak in the region of 0.013 to 0.018 nm -1 represents the collagen interfibrillar x-ray reflection that arises from the regularly arranged collagen fibrils that constitute the stromal extracellular matrix.
center collagen interfibrillar spacing. Regions of the cornea with little or no regularly arranged collagen, on the other hand, do not contribute sufficiently to the interfibrillar reflection; thus, the presence of lakes would remain unrecognized in the current analysis. It should be borne in mind that the lakes as envisaged here may constitute cellular components of the stroma. Therefore, the transient day 12 increase in stromal thickness can be reconciled with the current findings if it were caused by a passing increase in the overall keratocyte cell volume. Consequently, our interpretation of the data favors a mechanism of temporary stromal thickening in which expansion and contraction of stromal lakes, cellular or not, occur at approximately day 12 rather than a process involving a widespread, homogeneous adjustment of the collagen fibrillar array.
Unlike normal mouse cornea, the corneas of lumican-null mutants do not become thicker at neonatal day 12.
16 The x-ray data indicated that at days 8, 10, and 12, lumican-null corneas exhibited a significant increase in average collagen fibril spacing compared with their age-matched, wild-type counterparts (Table 1) . This was particularly noticeable at day 8. By day 14, the average fibril spacing in the corneas of mutant mice was marginally higher than the corresponding wild-type value, but not significantly so. A previous investigation 17 shows that the corneas of mature (2-to 6-month-old) lumican-deficient mice from the same colony have collagen fibrils that tend to be more widely spaced than collagen fibrils in the corneas of agematched wild-type littermates by an average of 2 nm. Taken with the current findings, a picture emerges of a neonatal mouse cornea before eye opening that has a loosely packed stromal matrix in the absence of lumican. After eye opening, this difference recedes so that by day 14 the marginally elevated interfibrillar spacing in lumican-null corneas is not statistically significant (Table 1) . As the tissue gains maturity, the evidence is that the fibrillar array becomes more compact in wild-type and lumican-null corneas alike, with x-ray diffraction data suggesting that a small average elevation in fibril spacing in the lumican-null cornea of approximately 2 nm persists. In some respects the finding of a marginally more loosely packed fibrillar stroma in the absence of a molecule, lumican, which ordinarily contains hydrophilic keratan sulfate side chains, is counterintuitive, but we point out that keratan sulfate tends to be less highly sulfated in the mouse cornea than in that of other species. 24 Additionally, perhaps the hydrophilic nature of its stroma in the lumican-null situation is maintained by other matrix components.
In the normal mouse cornea, the average collagen fibril diameter during the day 8 to 14 neonatal period lies in the 31-nm to 32.5-nm range (Table 1) , the same as for 4-month-old mouse corneas that were examined by synchrotron x-ray diffraction after chemical fixation. 18 (Aldehyde fixation causes shrinkage of corneal tissue, 25 with the average collagen fibril diameters in hydrated, unfixed normal adult mouse corneas closer to 35 nm. 17, 19 ) At all time points investigated here, the average collagen fibril diameter in lumican-null corneas was lower (29.1-30.8 nm) than the average collagen fibril diameter in normal corneas, with the difference significant or close to significant (Table 1) . We emphasize that this is a representative average value from x-ray diffraction. Previous electron microscopic studies have found unusually large, fused collagen fibrils in the lumican-null cornea. 26 These fused fibrils are mostly in the posterior stroma, but because they are present only at low levels, they will not contribute appreciably to the x-ray diffraction pattern. Previous experiments have shown that lumican, extracted from bovine cornea by salt or guanidine treatment, is active in inhibiting the in vitro fibrillogenesis of purified collagen monomers, also obtained from ox cornea. 27 In those experiments, fibrils that were formed in the absence of lumican achieved significantly higher final diameters. Ostensibly, this is at odds with the data presented here because the average fibril diameter in our lumican-deficient mice is, throughout the developmental period studied, lower than normal. The discrepancy between the findings of the in vitro experiments with bovine corneal extracts 27 and the transgenic mouse work presented here is difficult to pinpoint, but perhaps it is attributed to a host of reasons. Maybe other stromal proteoglycans or matrix components compensate for the lack of lumican in our mouse model. After all, decorin proteoglycan and decorin core protein also have the ability to regulate collagen fibril diameter. 27 We should also consider that collagen type V has been identified as a regulator of fibril diameter in the hybrid type I/V fibrils that are found in cornea. 28 Thus, it is possible that a differential influence of collagen type V might have contributed to the disparate results in the two systems (the in vitro bovine work used an estimated mixture of 91% collagen type I and 9% collagen type V 27 ). We can also speculate that some type of fibril fusion might have taken place in the in vitro bovine fibrillogenesis experiments. 27 Coherence distance measurements for the wild-type corneas between days 8 and 14 are not markedly different ( Table  1) , indicating that the level of local order in the normal mouse stroma does not change appreciably between days 8, 10, 12, and 14. Put another way, we can conclude that the corneal stroma of the normal mouse is already structurally well organized before eye opening, and that its becoming organized is not a consequence of the stromal condensation that occurs after eye opening. The corneal stroma of the lumican-null mouse, on the other hand, is, at all times studied, less wellorganized than the corneal stroma of the normal mouse. At day 8, in particular, the stromal matrix of the lumican-null mouse was so disorganized that it did not enable us to make reliable measurements of the coherence distance across all corneas in that group. Stromal disorganization in lumican-deficient mice persists into adulthood. 17 It is also a feature of mature keratocan-deficient corneas, 18 though not, to any great extent, mature mimecan-deficient corneas. 19 The current findings point to a key role for lumican in the establishment of a properly organized stromal matrix in the neonatal developmental phase, presumably through its interaction with collagen and other matrix components, and suggest that the structural defects seen in adult lumican-null corneas are not structural problems that arise de novo with age, but stem from early postnatal events.
